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We measured the excitation function for 13O + p elastic scattering to obtain data on the unknown 14F
nucleus. The ground state and several low-lying excited states in 14F were observed and spin/parity as-
signments were made. 14F appears to be much less unstable than was predicted. We compare theoretical
predictions for the 14F level scheme with the experimental results.
© 2010 Elsevier B.V. Open access under CC BY license.1. Introduction
Examining nuclear matter under extreme conditions makes the
most demanding test of our understanding of nuclear structure.
A perfect opportunity is provided by the study of exotic nuclei, es-
pecially of light nuclei, which are far from the valley of stability.
This is because adding a single nucleon can change the proper-
ties of a light nucleus, and because ab-initio calculations at present
[1–3] can be made only for light nuclei. The ab-initio calculations
use realistic nucleon–nucleon (NN) interactions as the only input.
These interactions can be tuned to ﬁt nuclear spectra without any
evident change to the description of the NN data. In this way, the
NN interaction JISP16 was ﬁtted to the binding energies and level
schemes of stable nuclei up to 16O [2]. At present the ab-initio cal-
culations can be developed to include nuclei in the 2s–1d shell.
The mirror odd–odd 14B, 14F nuclei, with expected structure of a
few particles in the 1p shell and a single particle in the 2s–1d
shell, would provide a good system to test the parameters of the
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Open access under CC BY license.NN interaction [3]. Very recently the calculations for these nuclei
were made [3], preceding the experimental data. Indeed, the spin-
parity assignments for 14B are available only for the ground state,
and prior to this work there were no experimental data on 14F,
which is expected to be unstable to proton decay. The experimen-
tal diﬃculties are evidently responsible for the absence of these
data.
The goal of the present work was to obtain data on the low-
est states in 14F. There are nine protons in 14F and therefore it
could be expected that 2s shell model structure is important for its
ground state. A virtual 2s ground state in 9He was found recently
using two nucleon removal from the rare beam 11Be [4]. This pro-
cess cannot be used for 14F because 16F is particle unstable (as
is 15F). Also, diﬃculties arise when one tries to observe 2s states
with complicated mass-transfer reactions [5]. A rare isotope beam
of 13O can be used to provide an easier way to reach 14F because
only one proton should be added to 13O. The 14N(p,2n) reaction
provides a way to produce 13O nuclei. The cross section for this re-
action is small due to its complicated character and large negative
Q-value (−29.1 MeV). Also, it is diﬃcult to obtain reasonable in-
tensity of the 13O beam using the ISOL approach (accumulations of
rare species with subsequent acceleration) because the lifetime is
short (8.6 ms). As a result of the above considerations, we tried in-
ﬂight separation of 13O based on facilities of the TAMU Cyclotron
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Institute, which include a superconducting cyclotron, a cooled hy-
drogen gas target with a pressure of 3 atm, and a mass separator,
MARS [6]. We obtained a 31 MeV/u beam of 13O with intensity
of ≈ 5 × 103 p/s using a primary beam of 14N at 38 MeV/u with
intensity ≈ 70 pnA. There was ≈ 15% contamination of 10C in the
13O beam. The low intensity of the secondary beam greatly re-
stricts the choice of possible reactions and methods, however a
thick target inverse kinematics (TTIK) measurement [7–9] of the
excitation function for 13O + p elastic scattering is still possible.
In the TTIK method, a beam of heavy ions is stopped in the
target material and the light recoil product of the elastic scatter-
ing reaction (protons in our case) comes out of the target due to
the much smaller speciﬁc energy loss and is detected. This method
allows the measurement of a continuous excitation function from
the initial energy down to the lowest detectable energy in a single
run. However, there is a rule of thumb restricting the maximum
energy (and correspondingly the number of channels contributing
to background processes) to ≈ 10 MeV/u in cases where energies
of ≈ 1 MeV in the center of mass system are of interest. Hence, to
apply the TTIK method for the 14F study, the energy of the avail-
able 13O beam should be substantially decreased.
This Letter reports the results of the study of 14F by 13O + p
resonant scattering with the TTIK method.
2. Experiment
Fig. 1 illustrates the experimental setup to accept the 31 MeV/u
13O beam after MARS separation [6]. The beam was slowed down
after MARS, close to the entrance to the scattering chamber,
to minimize the loss of intensity. We used stacks of 100 μm
polypropylene (C3H6) foils (total thickness 1.5 mm) to degrade the
energy of the beam of 13O from 31 MeV/u to ≈ 10 MeV/u. 2/3 of
the degrading material was placed at a distance of 130 mm from
the entrance to the scattering chamber, and 1/3 of the degrad-
ing material was attached to a 150 μm plastic scintillation foil
(BC-400) at a distance of 5 mm from the entrance to the scatter-
ing chamber as a compromise between the loss of intensity due to
straggling and an increase of the background due to the closeness
of the degrader foil to the target.
The light signal from the particles passing through the scintil-
lating foil was detected by a pair of photomultiplier tubes (PMTs).
The signals from the PMTs were used to monitor the beam, to
obtain a “start” signal for time-of-ﬂight (TOF) measurements, and
to identify the main beam contamination, 10C, which could not
be separated completely by the velocity ﬁlter of MARS. Amplitude
discrimination of the PMT signals reduced possible background in-
duced by the presence of 10C in the beam to a negligible level
(less than 10−4). Our speciﬁc experimental setup was similar toFig. 2. Particle identiﬁcation spectra in PMTs and ICE for the 13O secondary beam.
that used in [8,9], where gas in the scattering chamber was used
as a target. The scattering chamber was ﬁlled with methane gas
(CH4) which was used as a safe substitute for hydrogen. The CH4
was separated from the high vacuum of MARS by a 3 μm Havar
foil. However, a few modiﬁcations made the target system more
“active” than before [7–9]. A windowless ionization chamber (ICE)
was placed in the scattering chamber close to the entrance win-
dow (see Fig. 1) to measure the speciﬁc energy loss of incoming
ions. A pair of quadrant-silicon detector telescopes (QSDs) (the
same as in [9]) was also mounted inside smaller windowless ion-
ization chambers 515 mm from the entrance window. Each QSD
consisted of four square detectors (12.5 × 12.5 × 1 mm3) [8] and
was followed by a similar veto detector to eliminate high-energy
particles that passed through the ﬁrst QSD. The role of the small
ionization chambers was to allow E–E analysis (together with
the Si detectors) for the light ions that are not stopped in the gas
and can reach the Si detectors.
The energy of the 13O beam in the scattering chamber after
the entrance foil was 143 MeV with an energy spread due to the
degrader foils of ±8 MeV (fwhm). For the main part of the ex-
periment, the CH4 gas pressure was 1040 mbar (high pressure in
Fig. 5) in the scattering chamber. Also, a short run was taken with
a lower pressure of 930 mbar (low pressure in Fig. 5) to improve
the detection of the lowest energy protons, and a background run
was taken with a mixture of Ne+CO2 (no-hydrogen) in the scatter-
ing chamber at a pressure of 1110 mbar. Additionally, to check the
parameters of the experimental setup, measurements were made
with 154 MeV 14O beam.
Fig. 2 illustrates the particle identiﬁcation spectra for the ions
in the 13O secondary beam separated by MARS as observed by
the energy loss in the scintillator foil and the ICE. The 13O group,
though rather broad, is still well separated from the others. The
width of the 13O peak is mainly deﬁned by the energy spread
of the beam that passed through the thick degrader. The intrin-
sic resolution of the ionization chamber is about 2%, and therefore
the amplitude signals of the ionization chamber could be used to
correct for the deterioration of the ﬁnal resolution due to energy
spread of the beam. This was not done in this work due to the
broad resonances observed. The operation of ICE using CH4 as the
working gas was reliable up to a counting rate of ≈ 105. However,
operation of the small ionization chambers depended upon the in-
tensity of the beam, probably because of the space charge created
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the background measurement. See text for further explanation.
at the end of the of beam range in the gas. Thus, the signals of the
small ionization chambers were used only for qualitative E–E
analysis of the events.
The spectrum of light particles in the Si detectors is dominated
by protons. The relatively small amount of α-particles is separated
from the protons by time-of-ﬂight using signals of PMTs and the
Si detectors as in [10]. Fig. 3 shows a proton spectrum in the QSDs
close to θlab = 0◦ selected by either 13O signal in PMTs or by 13O
signals in both the PMTs and in ICE. The spectrum is divided into
three parts. Part I corresponds to low energy protons which are
stopped in the front QSD (E < 11 MeV). This part is important to
identify the ground and the lowest excited states in 14F. Part II
corresponds to the protons which punch through the front QSDs
and stop in the veto detector, and part III corresponds to the pro-
tons which punch through the Si detector telescope. It is seen in
Fig. 3 that the selection of the 13O signal in ICE strongly reduces
the spectrum in parts II and III. These high energy protons are
mainly the result of the interaction of 13O with the degrader, be-
fore the beam enters the scattering chamber. This reduction means
that practically any nuclear interaction of high energy 13O with
the degrader destroys 13O, while at lower 13O energies, the reso-
nance scattering dominates and provides for the high probability
of proton recoils in the forward direction. Therefore, the selection
using ICE helps to discriminate the background related with the
degrader. To obtain the total energy of the protons which punch
through the Si detector telescopes, Monte Carlo simulations with
the GEANT4 package [11] were made to account for the energy
loss of the protons in the gas and thin insensitive layers in the
Si detectors. These simulations showed that events in the lowest
energy region of part II could be lost due to signals in the veto
detectors that were below the electronics threshold. For these rea-
sons, the excitation functions are distorted between Ec.m. = 3.12
and 3.6 MeV (marked in Fig. 5 by the dashed box). Other cor-
rections were relatively small and were taken into account in the
uncertainties in the ﬁnal results (Table 1).
Fig. 4 shows the excitation function obtained for the 154 MeV
elastic scattering of 14O on hydrogen. Only the parameters of MARS
were slightly changed to provide an 14O beam of 30 MeV/u with
an intensity of 104 p/s instead of 13O. 7Be with the same Z/A ra-
tio was the only evident contaminant in the 14O beam (≈ 14%).
There is a good agreement between the calculations, based on the
ﬁt to the data of [8], and the present results for the 14O + p elas-
tic scattering (see Fig. 4). The background which originated due
to the interaction of 14O with carbon in the methane gas in theTable 1
Levels in 14F.
ER (MeV)a Exb Jπ Γ (keV) Γ /Γsp
1.56± 0.04 0.00 2− 910± 100 0.85
2.1± 0.17 0.54 1− ∼ 1000 0.6
3.05± 0.060 1.49 3− 210± 40 0.55
4.35± 0.10 2.79 4− 550± 100 0.5
a Energy above 13O + p decay threshold.
b Excitation energy in 14F.
Fig. 4. (Color online.) Results of 14O + p calibration measurements from this work
compared with potential model calculations from [8].
scattering chamber (at relatively low energy) was negligible in the
results of [8]. In the present work, it was assumed that if low en-
ergy protons (E < 11 MeV) are produced in the degrader, then the
participating 14O ions are destroyed in break-up reactions. There-
fore, the coincidence of such protons with 14O in ICE mainly results
from random coincidence due to broad electronics gates (≈ 40 μs)
opened for the slow signals of the ionization chamber. The back-
ground contributing to the low energy proton spectra for 14O + p
was calculated as events corresponding to 14O in PMTs in coin-
cidence with 7Be in ICE and was scaled to the 14O/7Be ratio in
the beam. This background (less than 15% of the total number of
events) was taken into account and subtracted. The 14O test was
very useful to verify the selection procedure for the needed events
and to check for the systematic errors.
The low energy protons from the 13O + p elastic scattering in
the gas were selected in the same way as for 14O+ p. In this case,
the background was measured using a hydrogen-free mixture of
CO2 (7%) + Ne (93%) in the scattering chamber. As can be seen
in Fig. 3, the background is relatively higher than in the 14O case
because of the smaller cross section for 13O + p. The background
was subtracted to obtain the ﬁnal excitation function.
3. Results
Fig. 5 presents the excitation functions for 13O + p elastic scat-
tering. A code of the complete R-matrix analysis was used [12].
However, to reduce the number of the parameters of the ﬁt, we
applied a single channel approximation. This simpliﬁcation can be
justiﬁed by the excitation of the lowest states presumably of single
particle nature. An indication for a failure of this approximation
would be an overestimation of the calculated cross sections. The
experimental excitation functions in all the Fig. 5 spectra are sim-
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comparison with R-matrix calculations. The solid line (red) is the best ﬁt calculation
following the 14F level scheme as given in Table 1. The dashed box shows the re-
gion where the data are distorted because the QSD detector was not fully depleted.
Top panel: The dashed line (blue) is a ﬁt with 1− as the ground state (instead
of 2−). Middle panel: The dashed line (blue) is a calculation with a second hypo-
thetical 2− state at high energy. The dashed-dot line (green) is a calculation with a
4− state at 3 MeV (instead of 3−) and a 3− state at 4.35 MeV (instead of 4−). Bot-
tom panel: The dashed line (blue) is the ﬁt without the 1− ﬁrst excited state. See
text for further discussion.
ilar (as could be expected because the spin values involved are
small). The stability of the experimental results is important to
illustrate the reliability of the data which were obtained using
the exotic beam with unusually low intensity and a large energy
spread.
To obtain the initial R-matrix reduced amplitudes for the ex-
pected 2s and 1d resonances in 14F, ﬁrst R-matrix parameters were
found corresponding to the potential model ﬁt of the 15F data [8]
shown in Fig. 4. Then, following the shell model, it was assumed
that the 2s and 1d5/2 states are below the 1d3/2 states in 14F.
This allowed the coeﬃcients in the spin-channel R-matrix repre-
sentation to be ﬁxed using the Racah transformation as was done
previously in Ref. [13]. As a result, it was possible to obtain a
reasonable description of the data in Fig. 5 using the resonance
energy as the single variable parameter. The ﬁnal ﬁt was obtained
by adjusting the widths of the resonances and resulted in values
of χ2 ≈ 1.5.
According to the R-matrix ﬁt, the ground state in 14F is deﬁ-
nitely 2− . Only l = 0 resonances are simultaneously broad enough
and provide for the needed interference with the Coulomb am-
plitude. A 1− resonance as the ground state would be too weak
to provide for the deep minimum in the excitation function (top
panel in Fig. 5). However, a 1− state is expected to be the ﬁrst ex-
cited state in the ab-initio calculations [3] and one of the lowest
single-particle states in the shell model calculations (see Fig. 6).
The inclusion of a broad 1− resonance always improves the ﬁt byFig. 6. 14F level scheme from this work compared with shell-model calculations, ab-
initio calculations [3] and the 14B level scheme [16]. The shell model calculations
were performed with the WBP [21] and MK [22] residual interactions using the
code COSMO [23].
≈ 40% in χ2, though its presence is not obvious in an inspection by
eye (bottom panel in Fig. 5). Any resonance with l > 0 would pro-
duce a narrow peak in the region of the 1− resonance, and should
be excluded. The peaks at 3 MeV and 4.3 MeV were ﬁt by d-wave
resonances with large reduced widths and with spins 3− and 4−
respectively (see Table 1). The R-matrix calculations show that in-
terchanging these spin assignments results in overestimations of
the excitation function for the 3 MeV peak and an underestimation
of the excitation function for the 4. 35 MeV peak (middle panel in
Fig. 5). The inclusion of the two proton decay channel does not
improve the situation for the 3 MeV peak with spin 4− because of
the very poor penetrability factor. Also, f -states (l = 3) cannot be
responsible for the peaks in question because they produce peaks
which are too narrow (besides, such states are not expected in this
energy region).
The shell model calculations (Fig. 6) predict a second 2− reso-
nance close to the 4− . There is no clear evidence for this state in
the current measurements because it could be in the energy region
where the spectrum is distorted. It is seen in the middle panel of
Fig. 5 that the hypothetical presence of a 2− state does not inﬂu-
ence other resonances.
As seen in Table 1, 14F is unstable by 1.56 MeV relative to
proton decay, which corresponds to an atomic mass excess of
31960± 50 keV for 14F using the mass tables in [14]. The authors
of [15], which appears to be the only work presenting the mass
and spectrum of the lowest states in 14B, predicted 14F would be
unstable by ∼ 3 MeV based on the systematics of masses of light
nuclei. Then, it was given more accurately as 2.58 MeV in [16,
17] and most recently as ≈ 2.26 MeV in [14] assuming some ex-
trapolations from the atomic mass evaluation. The recent ab-initio
calculations [3] also predicted it to be unstable by ∼ 3 MeV. While
new calculations are needed to specify the necessary corrections
to the theoretical approaches, part of the disagreement between
the predictions and the present result should be related with the
Thomas–Ehrman shift [18,19] of levels in mirror nuclei. This shift
down toward greater stability in proton rich nuclei is the largest
(and therefore famous) for s-states. A small part of this shift is re-
lated with the change of boundary conditions (due to change in
the binding energy), and the rest is due to the possibility to ﬁnd
the proton with orbital momentum l = 0, far from the core, in a
lower Coulomb ﬁeld [20]. Hence, the shift is strongly dependent
upon the single particle structure of the state. Shell model cal-
culations showed that the reduced widths for the lowest states
in 15F [8] should be very close to 1. As reported in Table 1, the
ground state in 14F has nearly pure shell model structure, and we
can estimate the effect of the Thomas–Ehrman shift on the 14F
binding energy. Assuming the ground states in the mirror nuclei
14B and 14F have the same structure, and using the potential pa-
rameters which have been found for 15F in [8], we ﬁt the binding
energy of 14B relative to the neutron decay threshold (0.97 MeV).
The depth of the potential well was found to be −54.485 MeV,
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using these slightly adjusted parameters, we found that 14F was
unbound to proton decay by 1.45 MeV. This number differs by only
0.11 MeV from the experimental value of 1.56 MeV. However, if
we assume that the ground state in 14B (14F) is a d-state (or a
state of complicated nature), a similar procedure will result in 14F
being unbound by 2.35 MeV, which is much closer to the theo-
retical estimations. Thus, the main part (2.35 − 1.45 = 0.9 MeV)
of the unexpected stability of 14F can be ascribed to a purity of
the 2s state conﬁguration of the ground state. Furthermore, one
can relate the 0.11 MeV difference between the calculated and the
experimental value as an indication for admixtures (0.11/0.9) to
the 2s conﬁguration of the 14F ground state, and the 2s spec-
troscopic factor for this state becomes 0.88. The agreement with
the corresponding number in Table 1 (Γ/Γsp = 0.85) might be too
good taking into account all assumptions made, but it conﬁrms the
dominant single-particle shell model structure of the ground state
in 14F and the related chain of considerations.
It is easy to note looking at Fig. 6 that the shell model calcu-
lations produce a much more compressed level scheme than the
ab-initio calculations. The latter are in better agreement with the
experimental data. We suppose that this indicates that the resid-
ual interactions should be modiﬁed in the shell model for a better
description of exotic nuclei.
4. Conclusion
In summary, we studied 13O+p resonance scattering and found
the ground and several excited states for 14F. We presented excita-
tion energies, spins-parities and widths for the corresponding res-
onances. We showed that the main part of the unexpected stability
of 14F can be ascribed to the purity of the 2s state conﬁguration of
the ground state. The experimental data also indicate a need for a
change in the residual interactions which are used in popular shell
model calculations of exotic nuclei.
It is worthwhile to note that obtaining very exotic and simul-
taneously low energy beams could be a rather general problem.
Indeed, the production of very exotic nuclei needs high beam en-
ergy because of the high negative Q-value for these reactions. Also,
the lifetime of very exotic nuclei is short, making their post accel-
eration with the ISOL technique ineffective. Thus, secondary beamsprepared with the in-ﬂight method (as was done in this work) will
have high energy. These measurements were made using a beam of
13O with intensity of ∼ 5×103 p/s and initial energy of 31 MeV/u
degraded to ≈ 11 MeV/u. We hope that the experimental approach
used here will be useful for future studies.
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